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Copolycondensation of N,N
0 -bis(4-hydroxybutyl)-biphenyl-3,4,3 0 ,4 0 -tetracarboxylic diimide at 20 and 25 mol% with bis(4-hydroxybutyl)-2,6-naphthalate produces PBN-based copoly(ester-imide)s that not only crystallise but also form a (smectic) mesophase upon cooling from the melt. Incorporation of 25 mol % imide in PBN causes the glass transition temperature (measured by DSC) to rise from 51 to 74 C, a significant increase relative to PBN. Furthermore, increased storage-(G 0 ), loss-(G 00 ) and elastic (E) moduli are observed for both copoly(ester-imide)s when compared to PBN itself. Structural analysis of the 20 mol% copolymer by X-ray powder and fibre diffraction, interfaced to computational modelling, suggests a crystal structure related to that of a-PBN, in space group P e 1, with cell dimensions a 
Introduction
Semi-crystalline, semi-aromatic polyesters such as poly(-ethylene terephthalate) (PET), poly(ethylene 2,6-naphthalate) (PEN) and poly(1,4-butylene terephthalate) (PBT) have found widespread use as engineering polymers in film and fibre form, and (for PBT) in moulding applications, due to their high mechanical strength, chemical resistance and dimensional stability [1] . Most recently, poly(1,4-butylene 2,6-naphthalate) (PBN) has been introduced as a fast-crystallising polyester with enhanced thermomechanical characteristics relative to PBT [2] . However, the thermal performance of semi-aromatic polyesters remains relatively low in comparison to high-temperature engineering thermoplastics such as polyetheretherketone (PEEK), with the glass transition temperatures, T g s, of semi-aromatic, semi-crystalline polyesters being generally considered the limiting factor in terms of future product innovation in this field [3e5] .
An apparently straightforward approach to enhancing the thermomechanical properties of a polymer involves copolymerisation with a more rigid comonomer, in order to increase the T g . This technique has been employed previously in semi-aromatic polyester chemistry, most commonly utilising rigid biphenylene [6, 7] and diimide moieties [8, 9] . Modest increases in T g were indeed obtained, but almost invariably with little or no retention of crystallinity in the resulting copolymers. Such copolymers would be inadequate for film applications requiring the mechanical strength achieved from biaxial orientation. It would therefore be preferable to use a rigid comonomer that is also isomorphic with the homopolymer repeat unit, enabling the copolymer to crystallise from the melt at any comonomer composition ratio. It has, for example, been observed that the copolymers of PBN with PEN [10] and PBN with PBT [11] co-crystallise across a wide composition range.
In contrast to PET [12] , PBT [13] , and PEN [14] , there have been relatively few investigations of the melt-crystallisation processes and resulting morphology of PBN. However, it has been reported that PBN is capable of adopting two different crystal structures on cooling from the melt, referred to as the a-form and the b-form [15] . The a-form is obtained at moderate cooling rates (20e50 C min À1 ) from temperatures lower than 205 C whereas the b-form is exclusively present after very slow cooling (0.1 C min À1 ) from above 280 C. Both forms may co-exist after melt-crystallisation from close to the crystalline melting temperature, T m , of PBN (238 C) [15] . In addition, a mesophase has been reported for PBN upon very rapid quenching from the melt to 0 C. The liquid crystalline phase has been characterised as smectic A, with a layer-periodicity of ca.
14 Å, corresponding closely to the length of the molecular repeat unit [16] . This polyester thus displays the characteristics of both a semi-crystalline and a mesomorphic material, depending on the conditions of melt-processing. In the present work we report a novel series of PBN-based cocrystalline copoly(ester-imide)s that display both significantly higher T g s than PBN itself, and a more accessible mesophase.
Experimental
Materials and synthesis
3,4,3 0 ,4 0 -Biphenyltetracarboxylic dianhydride was purchased from TCI UK, and 4-aminobutanol was obtained from Alfa Aesar UK. Sb 2 O 3 was purchased from SICA, France. Dimethyl 2,6-naphthalate was provided by DuPont Teijin Films UK.
Comonomer 1 (Scheme 1) was obtained by adding 4-amino-1-butanol (9.92 g, 0.11 mol) dropwise to a solution of biphenyl-3,4,3 0 ,4 0 -tetracarboxylic dianhydride (15.82 g, 0.05 mol) in DMF (250 mL). The reaction mixture was heated to reflux for 16 h. After cooling to room temperature, the solution was poured into deionised water to form a precipitate, which was filtered off and dried under vacuum at 80 C for 24 h to afford the product (20.54 g, 89%).
Bis(4-hydroxybutyl)-2,6-naphthalate was synthesised by heating a solution of dimethyl 2,6-naphthalate (242 g, 0.99 mol), 1,4-butanediol (267 g, 2.96 mol) and titanium isopropoxide (0.04 g, 0.14 mmol) to 230 C over a 2 h period before being held at this temperature for a further 2 h. The reaction solution was then cooled to room temperature and poured into deionised water to form a precipitate which was filtered off and dried under vacuum at 80 C for 24 h to afford the product (321 g, 90%).
The PBN-based copoly(ester-imide)s 2 were synthesised (Scheme 1) by melt-copolycondensation of bis(4-hydroxybutyl)-2,6-naphthalate with 1. The composition of copolymer 2 was varied by changing the molar feed ratios of bis(4-hydroxybutyl)-2,6-naphthalate and 1. A typical melt copolycondensation procedure (20 mol% copolymer) was carried out as follows. A polymerisation tube loaded with bis(4-hydroxybutyl)-2,6-naphthalate (33.33 g, 0.093 mol), comonomer 1 (10.09 g, 0.023 mol) and Sb 2 O 3 (0.10 g, 0.34 mmol) was fitted with a tube-head having gas, vacuum and stirrer inlets and was placed inside a vertical tube furnace with a glass stirrer rod attached to a mechanical stirrer. The reaction mixture was heated to 200 C under a nitrogen atmosphere over 30 min at a stirring speed of 300 rpm. The temperature was then increased to 270 C over 40 min, with a progressive reduction in pressure to <1 mbar, and the co-produced 1,4-butanediol collected in a cold trap between the reactor and the vacuum pump. After stirring for a further 1 h at 270 C, the resulting copolymer was cooled, dissolved from the Schlenk tube in chloroform/trifluoroacetic acid (TFA), 2:1 v/v, and reprecipitated in methanol. The copolymer was recovered by filtration and dried under vacuum at 120 C for 24 h, giving copolymer 2 (30.32 g, 86%). Full characterisation details of the monomers and polymers synthesised in this work are given in the Supplementary data. Gel permeation chromatography (GPC) was performed on a Viscotek GPC Max instrument using 2 Â 30 cm HFPGel columns at 40 C. Hexafluoropropan-2-ol (HFIP) was used as eluent for samples at a concentration of 4 mg mL
Monomer and polymer characterisation
À1
, with a flow rate of 0.7 mL min
. Molecular weights were referenced to polystyrene standards. Polarised optical microscopy was performed on a Leica DMRX compound microscope. Isotropic sample pellets were immersed in a liquid of refractive index 1.600 on a glass side prior to examination.
Rotational rheology analysis was performed on a Rheometric rheometer. Polymer samples (~2.5 g) were dried under vacuum at 140 C for 16 h prior to being placed between 2 Â 25 mm diameter parallel plates and heated to the required temperature under a nitrogen atmosphere. Measurements were taken every 30 s. In temperature sweep mode, samples were heated from above the T m to 350 C at 4 C min À1 at constant frequency (10 rad s À1 ) and strain amplitude (5%). In frequency sweep mode, samples were subject to a change in frequency (between 0.1 and 100 rad s À1 ) at constant temperature (300 C) and strain amplitude (25%).
Thermomechanical analysis
Thermal transitions were analysed by DSC under a nitrogen atmosphere with a flow rate of 50 mL min
À1
. Crystallisation exotherm peaks were obtained on cooling scans from the isotropic melt. Samples cooled at 20 C min À1 were analysed using a TA Instruments DSC Q2000 instrument, whereas those requiring cooling at rates of >20 C min À1 were analysed using a PerkinElmer HyperDSC 8500. Glass transition temperatures were measured as the onset temperatures at heating rates of 20 C min À1 following ballistic cooling (~900 C min À1 ) from the isotropic melt using a PerkinElmer HyperDSC 8500. Dynamic mechanical analysis (DMA) was performed on a TA Q800 DMA using a frequency of 10 Hz and strain of 0.1%. Fibre samples were held in place using tensile clamps before being heated from 0 to 150 C at a rate of 4 C min
. Elastic moduli were obtained from fibre samples on an Instron Model 4464 using a gauge length of 50 mm. Final recorded values are expressed as the mean of at least 5 measurements per fibre sample.
X-ray diffraction and computational modelling
X-ray powder diffraction patterns were obtained in transmission mode on an Oxford Diffraction Gemini Ultra diffractometer using Cu-Ka radiation (l ¼ 1.5418 Å), with 90 4 rotations over the 2q range 5e50 . Intensity data were merged, corrected for absorption, and amorphous scattering removed using CrysalisPro7 software, before the powder diffraction data were circularly integrated to give one-dimensional powder patterns.
X-ray powder diffraction data for structural analysis and modelling were obtained from a finely powdered sample that had been annealed for 2 h at 180 C, sieved through a 300 mm screen, and loaded into a 0.3 mm Lindemann capillary tube that was then spun in the X-ray beam. Capillary mode diffraction data were collected at room temperature using a Bruker D8 powder diffractometer using Cu-Ka 1 radiation (l ¼ 1.5406 Å) over the 2q range 5e60 . The amorphous scattering component was removed from the data before these were used for direct comparison with simulated powder data from computational models.
Polymer fibres were obtained by manually drawing quenched samples at 100 C to ca. 5Â extension. X-Ray fibre patterns were obtained using a Rigaku/MSC FR-D X-ray source (Cu-Ka, l ¼ 1.5418 Å) and a Saturn 92 CCD detector. Data were collected for 45 s with a sample-to-plate distance of 50 mm and the X-ray beam normal to the axis of the fibre.
Model building, powder diffraction simulation, and Pawley and Rietveld refinement were undertaken using Materials Studio software (v. 7.0, Accelrys, San Diego, USA). Energy minimisation of polymer structures was carried out using the Accelrys Universal force field. X-ray fibre diagrams were simulated from the final structure using Cerius2 software (v. 3.5, Accelrys, San Diego, USA).
Results and discussion
Here we report on the synthesis of a novel group of PBN-based copoly(ester-imide)s and evaluate their potential as new high performance materials. This work builds on previous research which showed that copolycondensation of N,N 0 -bis(2-hydroxyethyl)-biphenyl-3,4,3 0 ,4 0 -tetracarboxylic diimide with bis(2-hydroxyethyl)-2,6-naphthalate afforded a series of semicrystalline PEN-based copoly(ester-imide)s [17] . Such copolymers showed both enhanced T g s and retention of semi-crystalline behaviour, from which it was evident that the two different comonomers are able to cocrystallise. It was thus envisaged that copolymerisation of bis(4-hydroxybutyl)-2,6-naphthalate with N,N 0 -bis(4-hydroxybutyl)-biphenyl-3,4,3 0 ,4 0 -tetracarboxylic diimide might well produce cocrystalline, PBN-based copoly(esterimide)s with significantly higher T g s than the homopolymer.
Considering the overall dimensions of the two comonomers involved, the notion of co-crystallisation appears entirely feasible. Fig. 1 illustrates the potentially isomorphic nature of N,N 0 -bis(4-hydroxybutyl)-biphenyl-3,4,3 0 ,4 0 -tetracarboxylic diimide 1 and bis(4-hydroxybutyl)-2,6-naphthalate by superposing their molecular structures. Comonomer 1 could thus potentially be accommodated in the crystal lattice of PBN if 1 adopted a coplanar geometry, resulting in minimal disruption to the a-PBN crystal. This coplanarity of the biphenyl unit ensures that the required symmetry operation for space group P1 (an inversion centre) is maintained, as has often been observed in the crystal structures of biphenyl-containing small molecules [18, 19] .
The novel, rigid, diimide comonomer 1 was obtained in 89% yield from 3,4,3 0 ,4 0 -biphenyltetracarboxylic dianhydride and 4-aminobutanol. Copoly(ester-imide)s 2, containing both PBN and comonomer 1, were synthesised by melt-copolycondensation of 1 with bis(4-hydroxybutyl)-2,6-naphthalate (Scheme 1). Successful copolymerisation was confirmed by 1 H and 13 C NMR spectroscopy with the actual comonomer ratios of 1 in 2 in the polymers closely matching the feed ratios. The degree of polymerisation was analysed by inherent viscosity and GPC, giving h inh ¼ 0.54e0.69 dL g À1 and molecular weights (M w ) in the range 13,000e16,000 Da (Supplementary data, Table S2 ). Rotational rheology analysis of the 20 and 25 mol% copolymers of 2 revealed similar viscoelastic properties to those of PBN (Supplementary data, Fig. S5 ). Upon heating (4 C min
À1
, constant frequency of 10 rad s À1 and amplitude of 5%) past the T m , all synthesised materials possess complex viscosities, h*, of <40 Pa s at the extrusion temperature of 290 C. This suggests facile melt extrusion (which was observed following polycondensation), in accordance with G 00 > G 0 signifying liquid viscoelastic behaviour. At a constant temperature of 300 C, shear-thinning is observed with respect to increasing frequency. This may be attributed to increased molecular alignment and the disentanglement of polymer chains. The h* of PBN is also noted to rise proportionally in both temperature and frequency sweep modes, following inclusion of 1. Although this has no significant consequence on the melt processability of the copolymers 2, the incorporation of a rigid diimide comonomer has clearly increased the melt viscosity in comparison to PBN, as expected. DSC cooling scans from the melt were recorded at 20 C min
for the PBN homopolymer and for the 20 and 25 mol% copolymers, . It should also be noted that these two transitions are observed for both copolymers at all cooling rates between 5 and 50 C min
. The higher temperature exotherm, T c1 , may be attributed to a transition from the isotropic melt to a mesophase (presumably smectic A) [16] , occurring at 156 C (14.4 J g À1 ) and 152 C (12.5 J g À1 ) for the 20 and 25 mol% copolymers of 2 respectively.
The lower temperature exotherm, T c2 , is then assigned as a mesophase to crystalline transition, which is progressively depressed upon addition of 20 mol% (115 C, 11.8 J g À1 ) and 25 mol% (91 C, 3.1 J g À1 ) of comonomer 1 to PBN. For copolymers of 2 containing <20 mol% of 1, T c1 is < T c2 resulting in no mesophase formation as the copolymer preferentially undergoes melt-crystallisation. This is illustrated by the cooling scan of the 10 mol% copolymer of 2 ( Fig. 2 ) which shows a melt crystallisation peak (T c2 , 182 C, 28.2 J g À1 ) that is higher than any possible melt-to-mesophase transition (T c1 ). The 1st DSC cooling scans are consistent with copolymer 2 being a monotropic liquid crystalline system, in which the metastable mesophase is only observed when direct melt-crystallisation is bypassed by choice of a sufficiently fast cooling rate [16, 20] . For the 20 mol% copolymer 2, a cooling rate from the melt of 250 C min À1 depresses T c1 to 141 C (13.2 J g À1 ) and T c2 is no longer observed (Fig. 3) . Thus, the higher cooling rate freezes the copolymer in the mesophase (as a smectic glass) because there is insufficient time for crystallisation to occur below the melt-tomesophase transition. It should be noted that the copolymer mesophase is isolated at very much lower rates of cooling than the mesophase of PBN itself (which typically requires cooling rates of >20,000 C min À1 ) [21] , indicating that the copolymer mesophase is significantly slower to crystallise. Isolation of the mesophase is also promoted by the depressed crystallisation temperature of the copolymer containing 20 mol% of 1 (T c2 ¼ 115 C at a cooling rate of 20 C min À1 ) which allows the transition from the melt to the mesophase to occur in preference to melt-crystallisation. Subjecting copolymers 2 to ballistic cooling (approximate rate of 900 C min À1 ) from the melt at 300 C to 0 C allowed T g s to be calculated from subsequent heating scans at a reheating rate of 20 C min À1 (Fig. 4 and Table 1 ). Onset temperatures for T g were 66
and 74 C at 20 and 25 mol% incorporation of 1, the latter affording a 23 C increase in T g when compared to PBN itself (51 C). In addition, the cold crystallisation temperatures, T cc s, for both copolymers of 2 are much lower than that of PBN, indicating a more facile crystallisation upon heating, perhaps templated by the mesophase [22] . This assumes that at least some mesophase is present at the start of the 2nd heating scan, which appears valid when considering that any mesophase-to-crystalline transition (T c2 ) would be suppressed by the high ballistic cooling rate, as suggested in Fig. 3 . The measured T g of PBN itself is 10 C higher than the literature value of 41 C quoted for amorphous PBN [23] . It is probable that the higher value seen in the present work is due to incomplete quenching to the amorphous phase of molten PBN, since DH endo (the sum of both endotherms observed) is greater than DH cc , indicating the presence of some initial crystallinity in PBN at the start of the 2nd heating scan. For the copolymers, the exothermic transition labelled T cc in Fig. 4 is assigned (as noted above) to "cold" crystallisation of the frozen mesophase on heating above the T g . Multiple melting endotherms are observed both for PBN and for the 20 and 25 mol% copolymers of 2, but at very much higher temperatures (210e250 C) than the melt-to-mesophase transition observed at around 150 C during the copolymer cooling scans. It therefore seems unlikely that any of the melting endotherms seen Scale bar is 25 mm.
in Fig. 4 involves the mesophase. Instead, we suggest that the lower-temperature endotherm corresponds to the melting of thin, lamellar crystallites formed during cold crystallisation, with the final, high-temperature endotherm being associated with thicker lamellae produced either on cooling from the melt or by recrystallisation of the thinner lamellae on heating [24] . Incorporation of the rigid, diimide comonomer 1 also increases the mechanical stiffness of the copolymer relative to PBN, with both the 20 and 25 mol% copolymers of 2 exhibiting increased storage, loss and elastic moduli (Table 1) . It is probable that the enhanced moduli primarily originate from the inclusion of a more rigid counit, while retaining efficient chain orientation as in PBN.
Confirmation of a frozen mesophase in copolymer 2 was achieved by X-ray powder diffraction analysis of samples containing 20 mol% of comonomer 1 after cooling at rates between 20 C and 500 C min Fig. 3 where the copolymer mesophase is quenched at cooling rates >50 C min
. Conversely, a very sharp diffraction peak at low angle (2q ¼ 6.2 ) begins to emerge at a cooling rate of 50 C min
, and becomes more prominent at faster cooling rates. This peak may be attributed to the smectic layers of the copolymer mesophase, corresponding to a layer spacing of ca. 14.1 Å.
Polarised optical microscopy on ballistic-cooled samples of 2 containing 20 mol% of 1 gave additional evidence for a copolymer mesophase [25] . Birefringence, together with some indication of a Schlieren texture, is evident for the 20 mol% copolymer of 2 cooled at 500 C min À1 and at 250 C min À1 (Fig. 6a and b) . In contrast, when the same copolymer is cooled at 50 C min À1 and therefore allowed to melt-crystallise after mesophase formation (Fig. 3) , the sample is largely opaque (Fig. 6c) , denoting a semi-crystalline material. For comparison, PBN itself is crystalline and opaque when cooled at 500 C min À1 (Fig. 6d) , because the PBN mesophase is inaccessible even at this cooling rate. Thus, PBN itself does not show birefringence associated with a mesophase, in contrast to samples of the 20 mol% copolymer of 2 cooled at the same rate.
The X-ray powder diffraction pattern for the 20 mol% copolymer of 2 after melt-crystallisation ( and 25 mol% of 1 suggests that cocrystallisation is indeed occurring in the copolymers. However, in contrast to the analogous PENbased copoly(ester-imide) [17] , it seems that no radical change in structure occurs e the copolymer crystal structure is provisionally identified as a variant of the a-phase (with small changes to the unit cell parameters but no change in space group) by X-ray powder and fibre diffraction, interfaced to computational modelling and diffraction simulation.
The crystal structure of 2 was initially modelled as a polymorph of a-PBN, assuming that the diffraction pattern of the model would not be drastically affected by the absence of comonomer units. As a control, the powder diffraction pattern for a-PBN was simulated using literature unit cell dimensions and atomic coordinates [26] , and was found to be in very good agreement with an experimental powder pattern obtained from PBN synthesised in the present work. Adjustment of the a-PBN unit cell within boundary limits defined by both a-and b-PBN crystal structures lead to an extremely promising initial match between the simulated diffraction pattern and an experimental pattern for copolymer 2 containing 20 mol% of 1. On this basis, the unit cell dimensions of 2 were provisionally set at a ¼ 4. Pawley and Rietveld refinement (R wp ¼ 9% and 12% respectively) of the preliminary crystal structure of 2 with respect to the experimental powder diffraction pattern of copolymer 2 containing 20 mol% of 1 (Fig. 7) A fibre pattern simulated from this proposed copolymer crystal structure is in very good agreement with the experimental fibre pattern (Fig. 8) , thus further demonstrating the validity of the computational model. As also seen in the fibre diffraction pattern of the analogous PEN-based copolymer [15] , experimental reflections for 2 (specifically 001, 01-1 and 1-11) are displaced above and below the layer lines, a characteristic feature of diffraction from copolymer crystallites containing randomsequence chains. [27] , [28] .
Conclusions
We report the synthesis of a novel biphenyldiimide comonomer 1 in excellent yield from commercially available starting reagents, and the subsequent production of copoly(ester-imide)s 2 with PBN. Incorporation of 20 and 25 mol% of 1 results in increased glass transition temperatures, unusually high retention of semicrystalline character, and facile access to a liquid crystalline phase, depending on processing conditions. Structural analysis by X-ray powder diffraction interfaced to computational modelling has enabled a provisional crystal structure for copolymer 2 to be identified and rationalised in terms of isomorphism between the naphthalate-diester and biphenyldiimide comonomers.
